The nuclear spins limit many of the quantum properties of nano-scale semiconductors. Manipulating the collective nuclear spin state is key to future progress. We report nuclear magnetic resonance on the quantum dot nuclear spin ensemble (containing 100, 000 spins) using highly chirped radio frequency pulses. The inversion of the nuclear polarization mimics that of a single nuclear spin despite the highly inhomogeneous distribution of spins.
ensembles of highly inhomogeneous nuclear spins has impact also for semiconductor nanowires [14] and nanocrystals.
We use here highly chirped NMR pulses. The main concept is that by sweeping over a large frequency range, the pulse addresses each nuclear spin at some point. For a spin-1 2 nucleus, a 2-level system, the Hamiltonian in the rotating frame is, H = h∆ν(t)I z + 1 2
where h is the Planck constant, I the nuclear spin, γ the gyromagnetic ratio of the nuclear isotope (in frequency units) and ∆ν(t) is the time-dependent detuning between the radio frequency (RF) excitation and the Larmor frequency ν L = γB z . The coupling between the RF field and the spin, the second term in the Hamiltonian, leads to an avoided crossing in the eigen-energies with splitting hν RF , Fig. 1a , where ν RF = γB x . On traversing the avoided crossing from large and negative ∆ν to large and positive ∆ν with a single pulse (N = 1) at sweep rate α, the probability that the final state is |↑ for initial state |↑ , is
the Landau-Zener result [15] . In the sudden regime when P LZ 1, the system "tunnels" through the avoided crossing and |↑ → |↑ , |↓ → |↓ . Alternatively, in the limit when P LZ 1, the states are swapped |↑ → |↓ , |↓ → |↑ : this is adiabatic passage, Fig. 1a .
We attempt to apply these concepts to a nano-scale nuclear spin ensemble. The challenges are, first, each nuclear spin is much more complex than a two-level system; and second, there is a highly inhomogeneous distribution of 10 5 nuclear spins, a problem with mesoscopic character. Initialization and detection of the nuclear spin polarization is carried out optically with exquisite spectral resolution provided by resonant laser spectroscopy, representing a sensitivity to less than 1, 000 spins. Key to reaching the adiabatic limit P LZ 1 is the generation of RF fields with high amplitude. We use an on-chip, low-impedance, high bandwidth microwire [16, 17] . Following polarization, we demonstrate a reversal of the nuclear spin polarization using a long, highly-chirped NMR pulse. A back-and-forth two-pulse sequence restores the original polarization almost completely. This is the adiabatic regime. For shorter pulses, we demonstrate a transition from the sudden to the adiabatic regime for first-order (|∆m| = 1) interactions between the nuclear spin levels and then separately for second-order (|∆m| = 2) interactions. This step-wise inversion follows the behavior of a single spin- An aperture in the microwire allows optical access to the quantum dots directly underneath the microwire, Fig. 1b and 1d . The quantum dot optical resonance (X 0 ) is driven with a coherent laser, detecting the resonance fluorescence with a dark-field microscope [8, 18] , the read-out after one RF pulse providing the initialization for the next, Fig. 1e .
A resonance fluorescence spectrum of the quantum dot at zero applied magnetic field, B z = 0 T, is shown in Fig. 2a : the two lines, split by the fine-structure, have linewidths of 1.2 µeV, close to the transform limit of 0.9 µeV [19] . At B z ≥ 0.5 T, on sweeping through the optical resonance, the nuclear spins adjust their polarization in order to maintain an optical resonance of the quantum dot with the laser, the "dragging" effect [20, 21] . In other words, the Overhauser shift induced by the rearrangement of the nuclear spins equals the laser detuning δ L . Dragging represents a way of generating large bi-directional nuclear spin polarizations [20] . An example is shown in Fig. 2b : starting with the nuclei in a depolarized state [17] , the optical resonance is "dragged" to δ L = −40 µeV. The nuclear spin polarization decays extremely slowly (timescale days for an empty quantum dot [4, 17, 22, 23] ), resulting in memory effects in the optical spectra.
A sequence of optical sweeps is shown in Fig. 2b : the rise point of each scan is related to the polarization set by the previous scan whereas the end of the plateau sets the new polarization state. We exploit this feature here: for a given sweep direction of the laser, the change in width of the dragging "plateau" following an NMR pulse is used to measure the change in the Overhauser field, Fig. 1e .
Manipulation of the nuclear spin ensemble is demonstrated in Fig. 2c . The nuclear spin polarization I z is initialized to the same positive value (28%) with a sweep from positive to negative δ L . With the laser off, a highly-chirped NMR pulse is applied, ν = ν 1 → ν 2 . The laser is then turned back on and the sweep from positive to negative δ L repeated. The optical signal now appears not at negative δ L but at positive δ L , unambiguous evidence that the RF pulse inverts the nuclear spin polarization. This interpretation is backed up by applying not one but a sequence of (phase-matched) chirped pulses,
As a function of pulse number N , I z oscillates from positive to negative, evidence of close-to-adiabatic manipulation of I z , Fig. 2d . In this particular case, ∼ 40 % of the initial I z is inverted with a single chirped NMR pulse [17] . The reproducibility of the optical spectra implies a sensitivity to ∼ 630 nuclear spins [17] .
Spectroscopic identification of the isotopes is presented in Fig. 3 . In this experiment, the NMR pulse is chirped from a fixed ν 1 to a variable ν 2 using a slow and constant sweep rate. The change in Overhauser shift (∆ OHS ) increases step-wise around 45 MHz. This arises when ν 2 goes above the central NMR frequency of a particular isotope, in this case 75 As. Another clear step arises at 80 MHz, the 71 Ga resonance. In between these frequencies, there is a steady increase in ∆ OHS corresponding to the 113 In, 115 In and 69 Ga NMR resonances frequencies, broadened through atom-dependent quadrupole shifts. A quantitative analysis of this data allows the atomic composition over the extent of the exciton wave function to be determined.
Our focus however is not on chemical analysis but on the manipulation of the nuclear spins. We explore the dependence on sweep rate α on tuning from low ν 1 to high ν 2 such that all nuclear spins are adressed. The signal increases with decreasing sweep rates, Fig. 4 , in correspondence with the exponential dependence of P LZ on α. Significantly, there is an exponential increase followed by a plateau, then another exponential increase and a second plateau. This step-wise increase is the signature of a single spin- 3 2 nucleus, a signature which clearly survives the averaging over the ensemble.
The step-wise transition from the sudden to the adiabatic regime is a consequence of the avoided crossings in the energy level structure of a I = 3 2 spin with coupling to a local electric field gradient which results in an additional term in the Hamiltonian,
Fig . 1a shows the eigen-energies for I = . Given the exponential dependence of P LZ on the energy separation at the avoided crossing, this means that the different quantum transitions satisfy the adiabaticity condition at quite different sweep rates [24] [25] [26] . At the first plateau in Fig. 4 , the first quantum transition enters the adiabatic regime (P LZ 1) whereas the other two are still in the sudden regime (P LZ 1). At the second plateau, both first and second quantum transitions are in the adiabatic regime. The third quantum transition is so weak in this case that achieving adiabaticity requires unfeasibly long pulse durations. The two-step behavior in Fig. 4 is therefore a signature of a strong quadrupole interaction. This assertion is backed up with a numerical integration of the Schrödinger equation which, like the experiment, shows two steps in the nuclear polarization as a function of sweep rate, Fig. 4 [17]. The single spin simulation reproduces almost exactly the same dependence on sweep rate as the experimental data for a specific ν Q and a realistic ν RF .
That the Landau-Zener experiment exhibits single spin character despite the highly inhomogeneous nuclear spin ensemble is clearly a positive experimental result. At least part of the explanation is to be found in the scaling of the energies at the avoided crossings, hν eff (∆m) for the I = 3 2 nuclei ( 75 As, 69 Ga and 71 Ga). In the limit ν Q ν RF , ν eff ∝ ν RF (ν RF /ν Q ) |∆m|−1 [17, [24] [25] [26] . For |∆m| = 1, ν eff does not depend on ν Q (to first order). This suppresses the sensitivity of the adiabaticity criterion to the quadrupole interaction. In the case of the I = 9 2 In nuclei, the large spin results in a large number of quantum transitions without a clear hierarchy [17] such that their contribution is likely to be a relatively gentle, monotonic function of the sweep rate. These ideas underpin the simplicity of the results of the Landau-Zener experiment. However, particularly for multiple sweeps, other factors may also play a role, for instance the creation of nuclear dark states [6] .
As an outlook, we note that first, a sweep adiabatic for |∆m = 1| but sudden for |∆m = 2| can be used to produce highly non-thermal distributions of the spin states, boosting the NMR signal of the central transitions. Second, at an intermediate sweep rate, a superposition of the spin states is created with a chirped NMR pulse, and back-and-forth frequency sweeps result in quantum interferences, the so-called Stückelberg oscillations [15, [27] [28] [29] [30] . The single spin-like behaviour revealed here represents the ideal springboard to explore quantum coherence in a complex nuclear spin ensemble using multiple chirped pulses. In (95.7 %) and 69 Ga (60.1 %) / 71 Ga (39.9 %)).
Step-wise increases in signal occur each time ν 2 crosses these particular frequencies 
